The bubble dynamics involved with microbubble contrast agents under insonification is investigated with theory and experiment.
INTRODUCTION
Contrast agents, gas filled microbubbles with typical diameters of a few microns that are injected into the blood, have recently been developed to enhance diagnostic ultrasound images. The nonlinear nature of bubble dynamics lends itself to harmonic imaging, a procedure by which energy is transmitted at. a fundamental frequency f and an image is formed with energy at the second harmonic 2f. The propagation of the imaging sound beam in the tissue is also nonlinear (1) . Th e nonlinear signals in the tissue compete with the bubble-generated nonlinear signals and make blood differentiation difficult.
In addition, the presence of the bubbles in the tissue changes the effective coefficient of nonlinearity thus further coupling the two effects. Contrast agent visualization may be achieved with Doppler processing schemes where the transient nature of bubbles is detected as "pseudo-Doppler signal" after repeated insonification.
NUMERICAL AND EXPERIMENTAL RESULTS
The Gilmore equation (2) is used in this work to model the contrast microbubble behavior sound excitation.
The results are shown in Figure 1 .
under ultra- The Gilmore equation models forced oscillations of spherical bubbles in a compressible viscous liquid (e.g., water).
It takes into account damping through viscosity and sound radiation. It even applies to high collapse velocities where shock waves may be formed. It was numerically solved with a 5th order RungeKutta method with adaptive step size. The parameters used for Figure to the wall velocity, its spectrum, shown in (d), would be proportional to the spectrum of the scattered sound. If a pulse with opposite polarity is also transmitted and the resulting wall velocity is added with the one from (c), t,hen the spectrum of (e) is found. The difference between the two wall velocities results in the spectrum of (f). This method may be used in cases where only certain harmonic components are desired, e.g., 2nd harmonic imaging. Changes of the bubble diameter between pulses will result in incomplete fundamental cancellation. Both harmonic and fundamental signals may be utilized for bubble detection. Contrast agents have a shell which encapsulates the gas. During insonification the shell is corrupted (or perhaps detached), and then the bubble life-time is governed by the diffusion process (3). Free air-filled bubbles with diameters typical of contrast agents completely diffuse in 10's of ms, whcre<as perflurocarponfilled (PFC) bubbles have been observed in experiments to diffuse in 100's of ms. These diffusion times are in the order of image frame rates. Thus, ECG-gated imaging is used in cardiology to control the diffusion (or destruction) process. Figure 2 shows RF data from a PFC type contrast agent insonified repeatedly with a pulse repetition frequency (PRF) of 150 and 1000 Hz in an in-vitro experiment in water. The top plot of (a) is the first line received and the bottom one is the third line with a PRF of 150 Hz. In (b) the data of the top plot of (a) are envelope detected. In (c) the average of the envelope over 35 ms time for PRF of 150 Hz (solid line) and 1000 Hz (dashed line) is shown. Since the diffusion process is shrinking the bubbles between pulses a doppler processing scheme is suitable for detection.
It should be noted that at 1000 Hz PRF the bubbles diffuse faster than the difference in PRF would dictate alone. This may be due to bubble fragmentation during t,he collapse phase, a process that would be highly amplitude dependent. The observed destruction times are somewhat faster than expected from in-vivo observations, possibly due to the reduced attenuation in water compared to that of tissue. A combination of this method with the pulse inversion scheme discussed in Figure 1 would effectively detect both the nonlinear and transient nature of the bubbles.
CONCLUSION
Nonlinear activity detection schemes coupled with Doppler processing schemes can be combined for effective contrast agent detection.
Repeated sonification can cause bubble fragmentation and speed-up the destruction process. Bubble fragmentation is highly dependent on the applied acoustic pressure.
